ABSTRACT We surveyed a 1,033-bp fragment of the cytochrome oxidase subunit I (COI) sequence to look for a useful diagnostic marker for discrimination between the Japanese cryptic species Chrysoperla nipponensis (Okamoto) (Neuroptera: Chrysopidae) (types A and B) and the commercially introduced Chrysoperla carnea s. str. from Germany. Phylogenetic analysis showed four distinct haplotype groups: one group corresponded to C. nipponensis type B and one group to C. carnea s. str., and the remaining two distinct groups, A1 and A2, corresponded to the same song phenotype, C. nipponensis type A. A2 was linked with the group of C. carnea s. str. and A1 was linked with the group of C. nipponensis type B. Cross-testing between A1 and A2 revealed their reproductive compatibility. Mitochondrial polyphyly within C. nipponensis type A may, therefore, originate from introgression or incomplete lineage sorting. Within the mitochondrial COI region presented here, there were 17 variable nucleotide sites useful for discriminating the four haplotype groups from each other.
The lacewing Chrysoperla carnea (Stephens) is frequently used for biological control. It has long been assumed to be a single species with a Holarctic distribution (Tjeder 1960) . However, it has recently been suggested that C. carnea contains several cryptic species (Tauber and Tauber 1985 , Thierry et al. 1992 , Wells and Henry 1992 , comprising the so-called carnea group. The speciesÕ morphological similarity makes it difÞcult to differentiate them. Studies on the courtship behavior of the cryptic species in the carnea group have demonstrated that the unique courtship song of each cryptic species ensures reproductive isolation (Henry 1983 (Henry , 1985 Henry et al. 1993 Henry et al. , 2001 Henry et al. , 2002 Henry and Wells 2004; Wells and Henry 1998) .
The Japanese green lacewing has until recently been recognized as conspeciÞc to the Eurasian C. carnea (Tsukaguchi 1985) . However, based on external morphological characters, Brooks (1994) ) revised it to C. nipponensis (Okamoto) (Neuroptera: Chrysopidae) based on external morphological differences such as the color of the gradate crossveins of the wings, which are black in C. nipponensis and green in C. carnea. Taki et al. (2005) found that there are two song types within the lacewing C. nipponensis, which in their paper they call C. carnea type A and type B. Both C. nipponensis type A and B have song phenotypes different from any other European and American carnea group species Wells 2004, Taki et al. 2005 ).
The green lacewing has been imported into Japan from Germany since 1996. It was registered as a biological control agent named "C. carnea" in 2001. The song of that species is the same as C. carnea s. str. (Taki et al. 2005 ; N. H., unpublished data; C. S. Henry, unpublished data) . Therefore, at least three cryptic species now coexist in Japan. Concerns have been raised that the introduction of exotic natural enemies may affect the indigenous environment (Louda et al. 2003) . A case study has been carried out to estimate nontarget risks of the introduced C. carnea on indigenous C. nipponensis; Mochizuki and Mitsunaga (2004) have noted that an asymmetric intraguild predation was not detected in case of predation between exotic C. carnea s. str. and indigenous C. nipponensis, and Naka et al. (2005) showed that interspeciÞc hybridization between the two species is rarer than conspeciÞc hybridization, suggesting little nontarget impact of C. carnea s. str. on C. nipponensis in either competition or hybridization. However, it is important to monitor the establishment and dispersion of exotic C. carnea s. str. into natural ecosystems of Japan and prepare for any ecological risks that may occur in the future. Because C. nipponensis type A, B and C. carnea s. str. may only be differentiated by adult courtship song, techniques for identiÞcation of the cryptic species at all stages are needed.
Molecular methods have in the past been used to discriminate between insect species (Jackson and Resh 1998, Pilgrim et al. 2002) , and mitochondrial DNA (mtDNA) is often useful as a marker for studying systematics, population genetics, and phylogeny in insects (Kambhampati and Smith 1995, Lunt et al. 1996, Loxdale and Lushai 1998). Henry and coworkers compared 15 cryptic species within the North American and Eurasian carnea group with mtDNA genes, cytochrome oxidase subunit II (COII), and NADH dehydrogenase subunit II (NDII). As a result, the relationships among Þve North American taxa were resolved, but those among 10 Eurasian taxa remained unclear (Henry et al. 1999, Henry and Wells 2004) . Lourenço et al. (2006) used three mtDNA gene fragments: 575 bp of cytochrome oxidase subunit I (COI), 470 bp of cytochrome b (Cytb), and 475 bp of the large ribosomal subunit (16S rRNA), in addition to 578 bp of COII sequences to clarify the genetic status of European taxa of the carnea group. The results suggested that C. carnea s. str. is a well-supported, separate taxon, but that other taxa of the European complex are not consistently differentiated by these DNA data.
We surveyed a 1,033-bp fragment of the COI sequence to look for a useful diagnostic marker for discrimination between the Japanese cryptic species C. nipponensis (types A and B) and the commercially introduced C. carnea s. str. from Germany.
Materials and Methods
Insects. Thirty-two C. nipponensis were collected at 21 locations in Japan (Fig. 1) . These C. nipponensis were separated by courtship song pattern into type A and B and used for sequence analysis (Table 1) . The conditions for collecting songs were the same as in Taki et al. (2005) . Samples were immersed in 99.5% ethanol and stored at 4ЊC before DNA extraction. Larvae of C. carnea (Kagetaro) that is regularly imported as a biological control agent, were bought from Arista Lifescience Co. Ltd. (Tokyo, Japan), originally from Sauter und Stepper (Ammerbuch) in Germany, and they were reared by supplying eggs of Ephestia kuehniella Zeller (Biotop, Paris, France) at 25ЊC and a photoperiod of 16:8 (L:D) h. The songs of emerged adults were checked to conÞrm that they were C. carnea s. str. before being used for sequence analysis. As outgroups, we used two species, C. furcifera (Okamoto) and C. suzukii (Okamoto), within the genus Chrysoperla, and two species that have a close relationship to Chrysoperla: Mallada desjardinsi Navás and M. krakatauensis (Tsukaguchi) .
Larval rearing was conducted in a case made of BD Falcon 24-well plates (Becton, Dickinson, Japan, Tokyo). One chrysopid egg and Ϸ200 mg of E. kuehniella eggs were placed in each well, and a 14-by 12-cm paper towel sheet (Lion, Tokyo, Japan) was inserted between the bottom plate and the cover lid, in which a hole (Ϸ1 mm in diameter) above the center of each well had been pierced to allow ventilation.
DNA Extraction, Polymerase Chain Reaction (PCR), and Sequencing. Whole body of each sample was homogenized in 200 l of extraction buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, and 0.5% SDS); 5 l of 20 mg/ml proteinase K was added, and the mixture incubated for 2 h at 55ЊC. The solution was extracted with a phenol:chloroform:isoamyl alcohol mixture (25:24:1), and the DNA was recovered in pellet form by ethanol precipitation. The air-dried pellet was dissolved in 500 l of 1/10 TE (10 mM Tris-HCl and 1 mM EDTA, pH 8.0). The solution was stored at Ϫ20ЊC before use. PCR conditions were as follows: denaturation at 94ЊC for 1 min; 30 cycles at 94ЊC (30 s), 50ЊC (1 min), and 72ЊC (2 min); and Þnal elongation at 72ЊC for 10 min. The PCR reaction typically contained 1ϫ Ex Taq buffer with 3 mM MgCl 2 , 0.4 mM dNTP mixture, 1 M of each primer, 0.5 U of TaKaRa Ex Taq, and 1 l of DNA solution. Primers C1-J-1718 (GGAGGATTTGGAAATTGATTAGT-TCC) and TL2-N-3014 (TCCAATGCACTAATCT-GCCATATTA) (Simon et al. 1994 ) were used to amplify an Ϸ1,300-bp region of the mitochondrial COI gene. SpeciÞc bands were excised and puriÞed with QIAquick gel extraction kit (QIAGEN K. K., Tokyo, Japan), and they were directly sequenced on an ABI Prism 3100 Genetic Analyzer following a BigDye Terminator version 3.1 (Applied Biosystems Japan, Tokyo, Japan) ßuorescent cycle sequencing reaction, with the external primers and internal primer C1-J-2183 (CAACATTTATTTTGATTTTTTGG). Contig was accomplished using the 4Peaks program (Griekspoor and Groothuis; http://mekentosj.com/4peaks/) to obtain 1,033-bp sequences.
Sequence Analysis. The sequences were aligned using GENETYX version 8 (Genetyx Corporation, Tokyo, Japan). Phylogenetic analysis was performed by neighbor joining (NJ) and maximum parsimony (MP) method by using software PAUP*4.0b10 (Swofford 2002) and Bayesian method (Hall 2004 ) by using program MrBayes 3.1 (Huelsenbeck and Ronquist 2001, Ronquist and Huelsenbeck 2003) . For NJ, the default option of PAUP*4.0b10 was used. For tree inference of MP, tree bisection reconnection (TBR) branch swapping algorithm and 1,000 random additions were used. To obtain an appropriate substitution model for Bayesian analysis, we used the program MrModeltest 2.2 (Nylander 2004), the optimal GTR ϩ I ϩ ⌫ model was selected by AkaikeÕs information criterion. The Bayesian trees were calculated by the program under the resulting optimal model. To estimate each node of the trees, we used a bootstrap test (Felsenstein 1985) with 1,000 replicates for NJ and MP analysis and posterior probability for Bayesian analysis. The P value was calculated using the Mega version 3.1 software (Kumar et al. 2004 ) with parameter set to "complete deletion"; the PAUP*4.0b10 software (Swofford 2002) was used to obtain consistency index (CI) and retention index (RI).
Cross-Test. To clarify whether two divergent mitochondrial COI haplotype groups (A1 and A2) within C. nipponensis type A are hybrid incompatible populations, we performed a cross-test between the two haplotype groups in the laboratory. Females of C. nipponensis were collected at Tsukuba, Ibaraki Prefecture, and the eggs obtained from each female were individually reared on E. kuehniella eggs. The song type of the emerged adults was conÞrmed to be type A. DNA was extracted from one second instar from each female, and the mitochondrial COI region was ampliÞed by PCR and the 1,033-bp sequence analyzed, as mentioned above, to determine the A1 or A2 haplotype group. One female and one male 2Ð3-d-old virgin adult were paired in a 916-ml cylindrical plastic cup (130 mm in diameter by 105 mm in height) (LR130-960 Lamicon Containers, Tokan Kogyo Co., Ltd., Tokyo, Japan), supplied with water and a honeyÐyeast diet (Hagen and Tassan 1966, Henry 1979) . Thirty replicates were conducted of the following crosses: C. nipponensis A1 ϫ C. nipponensis A1, C. nipponensis A2 ϫ C. nipponensis A2, C. nipponensis A1 females ϫ C. nipponensis A2 males and C. nipponensis A2 females ϫ C. nipponensis A1 males. Experiments were conducted under a photoperiod of 16:8 (L:D) h at 25ЊC.
Fertility was deÞned as the percentage of females that were fertile, i.e., that oviposited fertile eggs. Forty-eight newly oviposited eggs were collected from each cross. Chrysoperla furcifera AB282931 Matsudo, Chiba Pref.
Chrysoperla suzukii AB282932 Matsudo, Chiba Pref.
Mallada desjardinsi AB282933 Assabu, Hokkaido Pref.
Mallada krakatauensis AB354080
Locality numbers correspond to map in Fig. 1 .
After the eggs hatched, they were reared individually on E. kuehniella eggs, and hatchability, emergence rate, and sex ratio of F1 were recorded. Fertilities were compared using the G-test (Sokal and Rohlf 1995) . The hatchability, emergence rate, and sex ratio were arcsine square-root transformed and analyzed by means of one-way analysis of variance (ANOVA) and compared using the TukeyÐ Kramer test (Sokal and Rohlf 1995) .
Results
The Þnal data set consisted of 42 aligned sequences of 1,033 bp from 22 individuals of C. nipponensis type A, 10 individuals of C. nipponensis type B, six individuals of C. carnea s. str., and four additional outgroup representatives: C. furcifera and C. suzukii and M. desjardinsi and M. krakatauensis. All the sequences were submitted to DDBJ (Table 1) . Sequence base frequencies were A, 0.294; C, 0.140; G, 0.153; and T, 0.413. The number of variable characters within C. nipponensis and C. carnea s. str. was 56, and 38 of them were parsimony informative. The p-distances within the sequences of C. nipponensis and C. carnea s. str. used in this study were small (0.000Ð 0.0031), indicating that the two species were closely related at this locus (Table 2) . Twenty haplotypes were detected within 22 specimens of C. nipponensis type A, eight within 11 specimens of C. nipponensis type B, and three within six specimens of the commercial strain of C. carnea s. str.
Both the MP and NJ trees had the same topology, consisting of four haplotype groups (A1, A2, B, and C) (Fig. 2) . C. nipponensis type B and C. carnea s. str. corresponded to different haplotype groupsÑB and C, respectively. However, C. nipponensis type A was divided into two distinct haplotype groups (A1 and A2). Monophyly of A1, A2, and C was supported, respectively, at high bootstrap values (those of A1 were 98% for MP and 97% for NJ; the value of A2 was 68% for NJ; the values of C were 92% for MP and 99% for NJ). Monophyly of B was poorly supported in both methods (bootstrap value Ͻ50%). The close relationship between group A1 and B was highly supported (bootstrap values 96% for MP, 99% for NJ), and the relationship between A2 and C also was supported (bootstrap value; 62% for MP, 84% for NJ). Bayesian analysis resulted in a tree similar to the NJ and MP trees: the monophyly of A1 and C was highly supported (posterior support; 82 and 98%, respectively), and A1 ϩ B also was highly supported (posterior support; 100%), although the relationship between A2 and C was not resolved (data not shown). The distribution of each COI haplotype group within C. nipponensis was shown in Fig. 1 . Chrysoperla carnea s. str. was not found in the Þeld. The haplotype groups of C. nipponensis sometimes exist sympatrically, and geographical isolation among the groups has not been recognized.
The results of a cross-test between two divergent mitochondrial COI haplotype groups (A1 and A2) within C. nipponensis type A are summarized in Table  3 . Fertility (G 2 ϭ 8.32; df ϭ 3; 0.01 Ͻ P ϭ 0.04 Ͻ 0.05) was signiÞcantly different at the 5% level but not at the 1% level, and hatchability (F ϭ 1.95; df ϭ 3, 87; P ϭ 0.13), emergence rate (F ϭ 0.33, df ϭ 3, 87; P ϭ 0.81), and sex ratio of F1 (F ϭ 1.18, df ϭ 3, 87; P ϭ 0.32) were not signiÞcantly different in any of the combinations.
Within the 1,033-bp sequence of the COI gene there were 17 variable nucleotide sites useful for discriminating the four haplotype groups from each other (Fig. 3) . Four variable sites were unique to group A1 (356, 416, 497, and 1,121 base positions from the COI gene start), three to group A2 (461, 947, and 968), and two to group C (419 and 1,319). There was no site unique to group B, but group B could be distinguished from the other groups by referring to two different sites. For example, a group could be deÞned as type B when the base position 467 was T and the base position 356 was A.
Discussion
Although C. nipponensis in Japan is divided into two song types (types A and B) (Taki et al. 2005) , it can be divided into three distinct groups (A1, A2, and B) through examination of the mitochondrial COI gene. The song type A was divided into two mitochondrial COI groups (A1 and A2). One of them (A1) was linked with haplotype group B, which corresponds to the song type B. Because Taki et al. (2005) showed the low hybridization rate between C. nipponensis types A and B in the laboratory, C. nipponensis type B is considered to be a different species that is reproductively isolated from type A by song. Morphological studies will be necessary to describe type B as a new species. The other haplotype group (A2) was linked with haplotype group C, which corresponds to C. carnea s. str. introduced from Germany. A low hybridization rate between C. nipponensis type A and the introduced C. carnea s. str. in the laboratory (Naka et al. 2005 (Naka et al. , 2006 suggests the existence of some mechanism that causes reproductive isolation between the two species, such as courtship song difference (Henry 1985, Tauber and Tauber 1985 , Wells and Henry 1998 , Henry et al. 2002 , Taki et al. 2005 . The hybridization test between the two COI haplotype groups (A1 and A2) within C. nipponensis type A suggests A1 and A2 to be reproductively compatible. The two haplotype groups sometimes exist sympatrically, and it is unlikely that they are isolated geographically. The reason why the mitochondrial polymorphism happened in C. nipponensis type A cannot be determined by an analysis of a single gene. However, the mitochondrial polymorphism possibly results from mixture of reproductively compatible but previously disjunct populations.
There are several mechanisms that may cause species-level polyphyletic patterns in mitochondrial DNA sequence trees (Funk and Omland 2003) . One mechanism is the incomplete lineage sorting of ancestral mitochondrial DNA polymorphisms (Brower et al. 1996, Page and Charleston 1998) . Introgression of mitochondrial DNA through interspeciÞc hybridization is another possible mechanism (Brower 1994, Dowling and Secor 1997) . Infection by some symbionts also causes mitochondrial polyphyly. If a particular mitochondrial haplotype is associated with a signiÞcant selective advantage, that haplotype will spread rapidly in the populations of the species and signiÞcantly bias The oscillograms under each taxon label correspond to recordings for 7 s. Numbers in parentheses after sample name represent locality numbers in Table 1 and Fig. 1 . 2003) . No hybrid incompatibility was found and the sex ratios of hybrids were almost 1:1 in our cross-tests. Therefore, it is unlikely that infection by symbionts that cause cytoplasmic incompatibilities or male-killing phenotypes participates in mitochondrial polyphyly in C. nipponensis type A. Yeast infections are found in some species within Chrysoperla and may be transmitted vertically from mother to offspring, but their contribution to nutritional beneÞt in the green lacewing is unclear (Gibson and Hunter 2005) . C. nipponensis type A may be infected by such symbionts but their role in selective advantage and their relation to mitochondrial polyphyly are unclear. Therefore, incomplete lineage sorting or introgression is a possible reason for mitochondrial polyphyly of C. nipponensis type A. Repeated instances of mitochondrial introgression also have been suggested in studies of Hawaiian Lauapala crickets (Shaw 2002), Japanese carabid beetles (Sota and Vogler 2001, 2003; Sota 2002) , African electric Þsh (Sullivan et al. 2004) , and the fall armyworm, Spodoptera frugiperda (J.E. Smith) (Prowell et al. 2004 ). These conclusions were based on a comparison of mitochondrial and nuclear gene phylogenetic trees or ampliÞed fragment-length polymorphisms. To understand the phylogeography and evolutionary history of C. nipponensis, more analyses of various nuclear genes, as well as additional mitochondria sequences will be necessary.
Because the mitochondrial COI sequence presented here has 17 variable nucleotide sites available to distinguish C. carnea s. str., C. nipponensis type A and C. nipponensis type B from each other, we can conclude that this region is useful as a diagnostic marker to monitor the future establishment of the introduced C. carnea s. str. and effects on cryptic species diversity of C. nipponensis in Japan. 
